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The clinical relevance of experimental ventilator-induced lung injury has recently received a resounding illustration by the Acute Respiratory Distress Syndrome Network trial that showed a 22% reduction of mortality in patients with acute respiratory disease syndrome when lung mechanical stress was lessened by tidal volume reduction during mechanical ventilation. This clinical confirmation of the concept of ventilator-induced lung injury has also undisputedly substantiated the experimental observation that excessive tidal volume and/or end-inspiratory lung volume is the main determinant of ventilator-induced lung injury. More recently, attention has focused on the roles and implication in the pathogenesis of ventilator-induced lung injury of inflammatory cells and mediators that may be activated and released either in the alveolar space or in the systemic circulation because of the rupture of the alveolar-capillary barrier and on the cellular response to mechanical stress. Mechanical ventilation has been part of basic life support for several decades. Several potential drawbacks and complications, such as air leaks, were identified early in its use [1] . More recently, what is now known as ventilator-induced lung injury (VILI) has been initially documented experimentally [2] and has received much attention the clinical field [3] [4] [5] [6] . The clinical relevance of experimental VILI [2] has received a resounding illustration by the Acute Respiratory Distress Syndrome (ARDS) Network trial [6] , which showed a 22% reduction of mortality in patients with ARDS when the mechanical stress applied to the lungs was lessened by a reduction in tidal volume (V T ). This result also substantiated the experimental observation that excessive V T and/or end-inspiratory lung volume is the main determinant of VILI [7, 8] . However, the precise mechanism by which excessive lung volume leads to alveolar damage has not been completely clarified. Mechanical stress may generate lesions because the strength of the alveolar-capillary barrier is limited. Lung lesions, such as atelectasis, may increase this stress at the alveolar level. Long ago, Mead et al. [9] calculated that the pressure in the tissue surrounding an atelectatic region may be very high as the whole lung expands, reaching approximately 140 cm H 2 O for a transpulmonary pressure of 30 cm H 2 O. Such high pressures may deform cell membranes, resulting in the opening of stretch-activated channels and the entry of calcium into these cells that will elicit a variety of responses, such as an increase in endothelial permeability [10, 11] . Furthermore, high capillary transmural pressures may result in cell membrane rupture and endothelial and epithelial intracellular gaps that are sufficiently large to allow the passage of red blood cells in the air spaces [12, 13] . The possibility that inflammatory cells and mediators such as proinflammatory cytokines contribute directly or indirectly to VILI, or worsen it, has also been investigated [14] [15] [16] [17] [18] [19] . In this short review, we will try to show how intense mechanical stresses can lead to lung damage that resembles ARDS.
Production of excessive mechanical strain and its consequences
Growing interest has focused on the cellular response to mechanical strain, which has been comprehensively reviewed lately [20•] . Recent studies investigating the involvement of stretch-activated ion channels and the consequences of deformation on plasma membrane integrity will be discussed in the peculiar context of VILI. study basement membrane response to deforming forces. They observed by laser confocal microscopy that 25% stretch elongation resulted in an increase in epithelial cell surface area and lipid transport to the plasma membrane to ensure its integrity. This lipid trafficking occurred in all cells, in contrast to plasma membrane breaks, which were seen in only a small percentage of cells. The authors concluded that deformation-induced lipid trafficking serves, in part, to repair plasma membrane breaks to maintain plasma membrane integrity and cell viability, and that this could be viewed as a cytoprotective mechanism against the plasma membrane stress failure that occurs during VILI [11, 12] . Others have focused on the relative importance of deformation frequency, duration, and amplitude in deformationinduced cell injury [28•]. Exposing rat alveolar epithelial cells to cyclic deformation (25%, 37%, and 60% increase in membrane surface area, ⌬SA) led to significantly reduced cell viability in comparison with static deformation. To investigate the relative importance of peak deformation magnitude and cyclic deformation amplitude on deformation-induced injury, cells were submitted to cyclic deformation amplitudes of 12% and 25% ⌬SA superimposed on a static deformation of 25% ⌬SA, thus resulting in peak deformation magnitudes of 37 and 50% ⌬SA, respectively. Interestingly, the authors found that limiting the deformation amplitude resulted in significant reductions in cell death at identical peak deformations (Fig. 1 ). An analogy can be drawn with the observation that positive end-expiratory pressure (PEEP) decreased lung injury (amount of edema, type I cell lysis, presence of hyaline membranes in alveolar spaces) when applied during mechanical ventilation of rats at high endinspiratory pressure, a modality that resulted in the reduction of V T [29] .
Surfactant-depleted lungs are prone to alveolar instability, atelectasis, and increased shear stress when ventilated at low lung volume. Sandhar et al. [30] showed that hyaline membrane formation was less important if rabbits subjected to saline lavage were ventilated with PEEP. Similarly, bronchiolar lesions were observed in lavaged isolated lungs ventilated with low but not with high PEEP [31] . These observations suggest that lung instability and the cyclic collapse and reopening of distal units may, in addition from overinflation, also promote VILI. The reality of this mechanism has recently been nicely documented. Using in vivo video microscopy, Schiller et al. 
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Deformations were applied for 60 minutes at 15 cpm. Data are given as mean ± SD. Reducing the amplitude to 10% or 25% ⌬SA significantly reduced cell death when maximum deformation was held at 37% or 50% ⌬SA, respectively. *P < 0.05. of inflammatory mediators. Pugin et al. [35] found that human alveolar macrophages submitted to prolonged cyclic pressure-stretching strain (which may be an in vitro analog of high volume mechanical ventilation) released the chemokine interleukin (IL)-8. Using a similar approach, Vlahakis et al.
[36] also found that a human alveolar epithelium cell line, A549, when subjected to mechanical stretch, released significant amounts of this chemokine. The release of this mediator during mechanical stress may be one of the factors that accounts for the recruitment and activation of neutrophils and macrophages observed in the studies described below.
Participation of inflammatory cells and mediators in ventilator-induced lung injury
In one of the earliest studies on this subject, Woo and Hedley-White [14] observed that thoracotomy and overinflation produced edema in dogs and that leukocytes accumulated in the vasculature and macrophages in the alveoli. Further studies in intact animals have confirmed these results [15] . It clearly appears that damage to lung cell and lung tissue structure by overdistension is critical for initiating an inflammatory response in initially intact lungs. In lungs depleted in surfactant by repeated bronchoalveolar lavage, the result is a picture similar to that of neonatal respiratory distress syndrome. Conventional mechanical ventilation produces lung lesions and the activation and recruitment in the lungs of neutrophils, whereas ventilation with high-frequency oscillations, such as those that prevent atelectasis, resulted in less deleterious effects [37] . In the model of surfactant depletion, high-volume pulmonary edema is less severe when animals are made neutropenic, which suggests that inflammatory cells may play a role in the initiation-or, more likely, the aggravation-of VILI [38] . The involvement of proinflammatory cytokines is suggested by the observation of Imai et al. [19] that pretreatment with anti-tumor necrosis factor (TNF) antibodies improved oxygenation and respiratory compliance, reduced lung leukocyte infiltration, and ameliorated pathologic changes in surfactant-depleted rabbits.
Adhesion molecules such as intracellular adhesion molecule (ICAM)-1 and Mac-1 play an important role in this phenomenon. Their implication has recently been inves- 
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Change between expiration and inspiration (I-⌬E) for control (n = 37), Tween (n = 37), and Tween + positive end-expiratory pressure (n = 30) groups at five different tidal volumes. Data are given as I-⌬E mean ± SE. 
Production of lung proinflammatory cytokines during ventilator-induced lung injury
The release of inflammatory mediators by the lungs as a consequence of inadequate mechanical ventilation is an emerging issue because it has been suspected of participating in systemic inflammation and multiple organ failure [41] . In one of the first studies related to this subject, Narimanbekov and Rozycki [17] found that recombinant IL-1 receptor antagonist (IL-1ra) decreased the severity of lung injury produced by hyperoxia and ventilation with 24 cm H 2 O peak inspiratory pressure in surfactantdepleted rabbits. The animals that were given IL-1ra had lower albumin and elastase concentrations in their broncho-alveolar lavage fluid (BALF) and fewer neutrophils in their lungs. In keeping with the abovementioned observation of Sugiura et al.
[37], Takata et al.
[18] found large increases in TNF-␣ mRNA in the intraalveolar cells of surfactant-depleted rabbits after conventional mechanical ventilation with 28 cm H 2 O peak inspiratory pressure but not in those ventilated with high-frequency oscillation at the same mean airway pressure. Tremblay et al. [42] examined the effects of different ventilatory strategies on the level of several cytokines in the BALF of nonperfused isolated rat lungs ventilated with different end-expiratory pressures and V T . High V T ventilation (40 mL/kg body weight) with zero end-expiratory pressure resulted in the release of considerable amounts of TNF-␣, IL-1␤, and IL-6 and in macrophage inflammatory protein (MIP)-2, the rodent equivalent of human IL-8. These observations have been challenged by several recent studies that found no increase in TNF-␣ in the BALF during experimental VILI. Surfactant-depleted rats mechanically ventilated with 32 cm H 2 O released no TNF-␣ into air spaces despite the occurrence of VILI [43] . Consistent findings for TNF-␣ were obtained in vivo in intact rats [44•,45] . Two hours of injurious mechanical ventilation (42 mL/kg V T ) led to severe pulmonary edema [44•] as assessed by the very high concentrations of proteins found in BALF compared with those found in rats ventilated with 7 mL/kg body weight V T (Fig. 5) . No TNF-␣, negligible amounts (<50 pg/mL) of IL-1␤, and approximately 300 pg/mL of MIP-2 were found in BALF of the 42 mL/kg V T group (Fig. 6 ). These negative results induced these authors to reproduce the ex vivo rat lung experiments of Tremblay et al. [42] . 
Decompartmentalization during ventilator-induced lung injury
VILI may also contribute to the genesis of the multiple organ dysfunction syndromes that may occur in critically ill patients receiving mechanical ventilation [49] because The protein concentration was larger in rats ventilated for 2 hours with 42 mL/kg and zero end-expiratory pressure (ZEEP) (V T 42) than in those ventilated with 7 mL/kg and 3 cm H 2 O positive end-expiratory pressure (PEEP) (V T 7). *** P <0.001 for V T 42 versus V T 7 group. of the loss of compartmentalization of inflammatory mediators or bacteria in the lungs. This possibility was first suggested by Kolobow et al. [50] and Borelli et al. [51] , who found that sheep mechanically ventilated with lung overdistension for prolonged periods had clinical features much like those seen in the syndrome of multiple organ failure. Loss of compartmentalization of cytokines has been described during lung injury [52] . Systemic dissemination of bacteria present in the lung [53, 54] , of locally produced cytokines [42, 55] , or of endotoxin [56] because of VILI may promote remote organ dysfunction. However, the clinical reality of this hypothesis remains inferential until further clinical confirmation [57] .
Strategies to avoid in ventilator-induced lung injury: use of the pressurevolume curve
The ARDS Network trial [6] indisputably showed that reducing V T from 12 mL/kg to 6 mL/kg resulted in a 22% reduction of mortality. Because of protocol, the same reduction of V T was applied in all the patients allocated to the low V T group. However, it has repeatedly been shown that the pressure and the volume that are considered safe for some ARDS patients may cause lung overdistension in others [58] [59] [60] [61] . Conversely, arbitrary settings may result in an unnecessary reduction in V T . It has been suggested that information from the inspiratory pressure-volume curve of the respiratory system could be used to tailor ventilator settings. For instance, the presence of an opening pressure (lower inflection point) could be used to adjust the PEEP [62] [63] [64] . In addition to improving oxygenation, PEEP reduces the severity of VILI [29] and may lessen the damage produced by the repeated collapse and reexpansion of lung units in surfactant-depleted lungs [31, 65] . However, PEEP may favor overinflation if V T is not reduced [2, 66] . It has been proposed that the V T be adjusted according to PV curve analysis by limiting endinspiratory pressures to below the decrease in slope seen at high pressure and volume, called the upper inflection point [3, 60, 61] . The upper inflection point often seen in patients with ARDS has been ascribed to overinflation [60, 61] or to the end of recruitment [67, 68] during lung expansion. However, whether or not ventilator settings that would result in pressure/volume excursions above the upper inflection point are deleterious remains unsettled and has never been assessed experimentally. The impact of pulmonary edema and the resulting decrease in ventilatable lung volume on the inspiratory limb of the respiratory system pressure-volume curve has not yet been evaluated. A better understanding of its significance is required before the upper inflection point can be used to set V T in patients. A recent experimental study was designed to examine several hypotheses [69•]. The first was that the reduction in ventilatable lung volume (the baby-lung effect) not only decreases the compliance of the lung [58, 70] but also affects the position of the upper inflection point. The second was that the development of edema alters the pressure-volume curve essentially because of distal airway obstruction. The third was that individual characteristics of the pressurevolume curve reflect the susceptibility of the lungs to the deleterious effects of high-volume ventilation. The first two hypotheses were tested by obstructing the distal airways of rats by instilling a viscous liquid and by comparing the pressure-volume curves obtained with those obtained during hyperinflation ventilation of intact rats. The authors found that changes in the shape of the pressure-volume curve (gradual decrease in compliance and volume at which the upper inflection point was seen, and progressive increase in end-inspiratory pressure) were very similar whether they were caused by viscous instillation into the lungs or by the development of overdistension pulmonary edema (Figs. 7 and 8) . To test the third hypothesis, pressure-volume curves before mechanical overinflation were examined with respect to the amount of pulmonary edema induced by overinflation in lungs injured by ␣-naphthylthiourea. Authors found that the higher the compliance and the position of the upper inflection point before overinflation in lungs without a discernible lower inflection point (ie, in the absence of important recruitment during inflation), the less edema occurred after overinflation (Fig. 9) . Taken together, these results suggest that the position of the upper inflection point is a marker of ventilatable lung volume in these lungs and is both influenced by and predictive of the development of edema during mechanical ventilation. 
Therapeutic interventions to reduce ventilator-induced lung injury
To date, reduction in V T is the only proven therapeutic intervention that significantly reduces VILI [6] . The use of high levels of PEEP to keep the lung open has never been proven clinically to be effective, and one will have to wait for the results of the Assessment of Low Tidal Volume and Elevated End-Expiratory Volume to Obviate Lung Injury (ALVEOLI) trial conducted by the ARDS Network before drawing any conclusions about the use of such levels of PEEP. Experimentally, partial liquid ventilation reduces VILI [71] [72] [73] , but clinical proofs of efficacy are still lacking. Activation of nuclear factor-B may be implicated in the production of the lung lesions observed during some injurious ventilation strategies [74] . Corticosteroids, although attractive in the experimental field because of their inhibitory effects on nuclear factor-B activation and the subsequent involvement of proinflammatory cytokines and neutrophil recruitment, have unfortunately proved to be deleterious in acute lung injury [75] . Similarly, proinflammatory cytokine neutralization is either ineffective [76] or, even worse, deleterious in the clinical setting of septic shock [77] . In the experimental area, Welsh et al. [78•] have reported promising data with the use of keratinocyte growth factor. In their study, a 3-day pretreatment with keratinocyte growth factor significantly reduced lung water content, wet-to-dry lung weight, and BALF protein concentration in an isolated perfused rat model of lung injury. After the appearance of several articles on the beneficial effects of hypercapnic acidosis [79] and the injurious effects of both hypocapnic alkalosis [80] and hypercapnic acidosis buffering [81] in isolated lung preparations, Laffey et al. [82] investigated the effect of hypercapnia in vivo using a lung ischemia-reperfusion model. By raising PaCO 2 above 100 mm Hg in the treatment group (control group PaCO 2 was ≈60 mm Hg) and allowing pH to drop below 7.10, they showed that the treated group expressed a smaller lung wet:dry ratio, less protein in the BALF, and less pulmonary inflammation as assessed by BALF TNF-␣ and lung tissue 8-isoprostane [82] .
Conclusions
Current knowledge suggests the following schema for VILI development. Unnatural mechanical deformations result more or less rapidly (depending on the "priming" state of lung cells) in the release of proinflammatory mediator cells and even cellular damage if too prolonged or extreme. Mediators recruit inflammatory cells, such as granulocytes, that amplify the inflammation response by the production of reactive oxygen species and cytokines. Endothelial and epithelial cell damage result in permeability-type edema and hyaline membranes in alveoli that participate in surfactant inactivation and further lung parenchymal instability, collapse, and distortion. In addition, cell lysis results in the release of intracellular material such as histones [83] or ATP [84] that possess the property to activate leukocytes. The vicious circle that results from the combination of all these phenomena is too complex to benefit from a simple therapy. It may be wiser to prevent their initiation by a sound ventilatory strategy. 
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